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Abstract – The most significant energy consuming infrastructures 
and the greatest contributors to greenhouse gases for any nation 
today are electric and freight/passenger transportation systems. 
Technological alternatives for producing, transporting, and 
converting energy for electric and transportation systems are 
numerous. Addressing costs, sustainability, and resiliency of 
electric and transportation needs requires long-term assessment 
since these capital-intensive infrastructures take years to build 
with lifetimes approaching a century. Yet, the advent of electrically 
driven transportation, including cars, trucks, and trains, creates 
potential interdependencies between the two infrastructures that 
may be both problematic and beneficial. We are developing 
modeling capability to perform long-term electric and 
transportation infrastructure design at a national level, accounting 
for their interdependencies. The approach combines network flow 
modeling with a multiobjective solution method. We describe and 
compare it to the state of the art in energy planning models. An 
example is presented to illustrate important features of this new 
approach. 
NOMENCLATURE 
A. Sets and networks 
M Set of arcs 
N Set of nodes 
T Set of time periods 
En Set of energy networks 
Tr Set of transportation networks 
Inf Set of transportation infrastructures 
Fleet Set of transportation fleet 
Efuel Set of energy networks that provide fuel to 
transportation 
TrEn Set of transportation networks that provide fuel to 
generation networks 
B. Objective Functions 
CostOp Total cost of operating the energy and 
transportation networks. 
CostInv Total investment cost. 
Emissionsk Total emissions for pollutant k. 
C. Parameters 
η(i,j,l)(t) Efficiency of arc between nodes i and j in 
network l, during time t. 
lb(i,j,l)(t) Lower bound for flow from node i to node 
j in network l, during time t. 
ub(i,j,l)(t) Upper bound for flow from node i to node j 
in network l, during time t due to the initial 
existing infrastructure. 
lbInv(i,j,l)(t) Minimum allowed capacity increase in arc 
from nodes i to j in network l, at time t. 
ubInv(i,j,l)(t) Maximum allowed capacity increase in arc 
from nodes i to j in network l, at time t. 
costOp(i,j,l)(t) Operational cost for flow from node i to 
node j in network l, during time t. 
costInv(i,j,l)(t) Investment cost for capacity increase in arc 
from nodes i to j in network l, at time t. 
kEm(i,j,l)(t) Emission rate for pollutant k for flow 
between nodes i and j in network l, during 
time t. 
heatRate(i,j,E)(t) Heat rate for thermal generation i at node j, 
during time t. 
fuelCons(i,j,l)(t) Fuel consumption for transportation mode i 
arriving at node j in network l, during time 
step t. 
d(j,l)(t) Fixed energy or transportation demand at 
node j in network l, during time t. 
r Discount rate. 
D. Decision Variables 
f(i,j,l)(t) Operational flow from node i to node j in 
network l, during time t. 
capInv(i,j,l)(t) Capacity increase due to investment in arc 
from nodes i to j in network l, during time t. 
 
I. INTRODUCTION 
Most US energy usage is for electricity production and 
vehicle transportation, two interdependent infrastructures. 
The strength and number of these interdependencies will 
increase rapidly as hybrid electric transportation systems, 
including plug-in hybrid electric vehicles and hybrid electric 
trains, become more prominent. There are several new energy 
supply technologies reaching maturity, accelerated by public 
concern over global warming. US DOE-EIA [1] suggests that 
national expenditures on electric energy and transportation 
fuels over the next 20 years will exceed $14 trillion, six times 
the 2008 federal budget [2]. Intentional and strategic energy 
system design at the national level will have very large 
economic impact. 
The proposed work is motivated by a recognition that 
tools, knowledge, and perspective are lacking to design a 
national system integrating energy and transportation 
infrastructures while accounting for interdependencies 
between them, new energy supply technologies, 
sustainability, and resiliency. Our goal is to identify optimal 
infrastructure designs in terms of future power generation 
technologies, energy transport and storage, and hybrid-
electric transportation systems, with balance in sustainability, 
costs, and resiliency. We will characterize interdependencies 
between energy resource portfolio and energy/vehicular 
transportation systems at the national level. 
II. MODELING APROACH 
The energy system is comprised by (but not limited to) 
electricity, natural gas, liquid fuels, nuclear, biomass, 
hydroelectric, wind, solar, and geothermal resources. 
Modeling of national freight and passenger transportation 
focuses on state-to-state travel; we consider both 
infrastructures (rail, highways, locks/dams, roads, ports, 
airports) and fleets (trains, barges, trucks, personal vehicles, 
airplanes, etc.), and there may be different kinds of fleets for 
each mode (e.g., diesel trains and electric trains or 
conventional and plug-in hybrid electric). 
 
 
Fig. 1. Proposed model 
 
Fig. 1 captures the scope of our modeling effort. The 
transportation and energy systems interact mainly at two 
different stages: operation and investment. At the operational 
level each system needs to satisfy its demand with the 
existing capacity. However, operation of the two systems, 
and ultimately investment, are interdependent; while the 
transportation sector demands energy in the form of fuel, the 
energy sector requires the movement of raw bulk energy 
sources (e.g. coal or natural gas for thermal power plants). At 
the same time, the cost of meeting those reciprocal demands 
has an impact on final prices for energy and transportation. 
The ever-growing public need for energy and transportation 
creates the necessity to invest in new capacity. Given the 
potential for increased coupling between energy and 
transportation, it is apparent that better designs of both can be 
achieved if these designs are performed together. 
A. Energy systems modeling 
A generalized network flow transportation model [3] is 
used to model energy systems, where commodity flow is 
energy, and transportation paths are AC and DC electric 
transmission, gas pipelines (for natural gas and/or hydrogen), 
and liquid fuel pipelines (for petroleum-based fuels, biofuels 
such as ethanol or biodiesel, and anhydrous ammonia). 
Energy transport by rail, barge, and truck is included in the 
freight transport model. 
Each source node, specified with location, is connected to 
a fictitious source node that supplies all energy. Arcs 
emanating from each source are characterized by maximum 
extraction rate (MBTU/month) and extraction cost 
($/MBTU/month). Petroleum, coal, natural gas, and uranium 
have finite capacities, while renewables have infinite 
capacities. All sources have finite maximum extraction rates. 
Conversion and transportation are endowed with: capacity 
(MBTU-capacity/month), efficiency (%), operational cost 
($/MBTU-flow/month), investment cost ($/MBTU-
capacity/month), component sustainability metrics (e.g., CO2 
tons/MBTU-flow), and component resiliency (e.g., 
reliability). 
B. Transportation systems modeling 
The freight transport system is modeled as a 
multicommodity flow network where the flows are in the 
units of tons of each major commodity. A commodity is 
major if its transportation requirements comprise at least 2% 
of the nation’s total freight ton-miles. Data available to make 
this determination [4] indicates this criterion includes 23 
commodities that comprise 90% of total ton-miles (e.g., the 
top eight, comprising 55%, are in descending order: coal, 
cereal grains, foodstuffs, gasoline and aviation fuel, 
chemicals, gravel, wood products, and base metals). 
There are two fundamental differences between this 
formulation and that of the energy formulation. Whereas the 
energy problem must restrict energy flows of specific forms 
to particular networks (for example, natural gas or hydrogen 
cannot move through electric lines or liquid fuel lines), 
commodities may be transported over any of the transport 
modes (rail, barge, truck). Also whereas energy movement 
requires only infrastructure (electric lines, liquid fuel 
pipelines, gas pipelines), commodity movement requires 
infrastructure (rail, locks/dams, roads, ports) and fleet (trains, 
barges, trucks), and there may be different kinds of fleets for 
each mode (e.g., diesel trains or electric trains). 
For that reason, the problem is stated as two 
multicommodity flows [5], one embedded inside the other. 
Commodities flow through the network formed by the 
different types of fleet available. At the same time, the units 
in those fleets travel along the network formed by the 
different infrastructures. An effective method to convert this 
situation into an ordinary network problem is captured in 
Fig. 2, where the flow from node A to node B is divided 
according to the types of infrastructures first and then into the 
different types of available fleets. Then one can apply 
capacity limits to the appropriate fictitious arcs. 
 
 
Fig. 2. Decomposition of transportation arc 
C. Interdependencies 
Some of the interdependencies between electric and 
transportation systems are: 1) the demand that each system 
has on the other (e.g., transportation causes a demand for 
energy and the transport of raw energy sources loads the 
transportation network); 2) existence of parallel paths to 
satisfy the same demand in the energy system (e.g., coal plant 
vs. wind), the transportation system (e.g., rail vs. truck) or 
both (e.g., fuel transportation vs. electric transmission); 
3) geographical interdependencies (e.g., sources in different 
locations or alternative routes); 4) centralized vs. distributed 
generation; 5) investment on energy and transportation 
systems and their effect on costs and prices; 6) pollutants and 
greenhouse gas emissions resulting from both transportation 
use or energy processing; 7) electric storage capability and 
supply potential created by plug-in hybrid electric vehicles, 
and the large-scale development of intermittent resources 
such as wind and solar; and 8) competing, or perhaps 
complementary, needs for right-of-way (e.g., rail and electric 
transmission). 
D. State of the art and model attributes 
We have performed a detailed comparison between the 
most advanced energy planning models, which include the 
National Energy Modeling System (NEMS) [6], the 
MARKAL/TIMES suite [7], and WASP-IV [8]. We 
concluded that our proposed work would provide the 
following attributes not currently available in any of these 
models: 1) ability to optimize multiple objectives; 2) use of 
resource depletability as a sustainability measure; 
3) availability of resiliency metrics; 4) rigorous modeling of 
interactions between energy and freight/passenger 
transportation. In addition, our proposed solution approach, 
which combines advanced network flow modeling, multiple 
decomposition techniques, and multiobjective solution 
methods with computation performed via high-performance 
computing, represents a unique integration of the very best in 
approach, algorithm, and computing platform in addressing 
an extreme-dimensionality problem of high technical, 
political, and social importance today. 
E. Formulation 
The optimization problem associated with this model can 















There are two objectives (cost and emissions), each having 
an energy and a transportation component. We minimize 
these objectives under constraints of meeting demands on 
energy, and freight transport. Decision variables characterize 
operations (flows) and capacity investments (capInv). 
The following formulation (2) corresponds to a first 
approach to the modeling capabilities that have been 
described in this paper. Each arc is specified by (i,j,l), where i 
is the origin node, j is the terminal node and l is the network 
to which it belongs. 
A key attribute of this model is that networks of different 
energy and transportation forms are represented separately, 
linked only to the extent that the energy form of one network 
can be converted to the energy form of another. The 
simulation period is specified by T. 
Objectives (2a) are to minimize operational (2g) and 
investment (2h) costs, and pollutant emissions (2i), subject to 
the energy and transport balance constraints (2b)for all nodes 
and the flow bound constraints for all arcs (2c, 2e). 
Flow balance at the nodes is enforced by (2b), where the 
right-hand-side represents demand on the commodity form at 
node j. Certain energy nodes can have a freight-related 
demand (2k) to fuel the need for transportation. At the same 
time, the demand of energy related commodities in some 
given transport networks (carbon, natural gas) will depend on 
the generation rate at those nodes (2j). The efficiency 
parameter η(j,k,l) in (2b) accounts for losses in the energy 
network, and equals 1 in the transport system since it is 
assumed to be lossless. 
Upper capacity bounds in (2c, 2e) may change due to the 
presence of decision variables capInc(i,j.l)(t), modeling facility 
expansion, which can be constrained (2d, 2f) to represent 
minimum and maximum levels of investment. In energy 
networks, every arc is constrained independently. However, 
in the transportation networks the upper bound and capacity 
investment is assigned to the combination of commodity 
flows transported from a determined pair of nodes by a mode 
of transportation (infrastructure of fleet). 
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Cost expressions (2g) and (2h) are expressed as present 
worth using present worth factor (1+r)-t. Operational costs in 
(2g) are summed over the entire arc set M, but investment 
costs in (2h) are summed over a specified set M’ which 
enables consideration of both connected and unconnected 
nodes while controlling problem dimensionality. Salvage 
values are taken into consideration when the effective life of 
the investment exceeds the end of the simulation time [9]. 
Pollutant emissions (2i) are calculated using the amount of 
pollutant emitted per unit of energy flow, kEm(i,j,l)(t). The 
flows that are assigned an emission rate different than zero 
are thermal generation units and transportation flows. 
III. NUMERICAL EXAMPLE 
To illustrate some of the capabilities of the proposed 
model a simple two-node example has been created and 
analyzed based on a previous model [10] that only took the 
energy system into consideration. 
A. Description 
The illustrated example (Fig. 3) features a high level 
representation of the energy and transport relations between 
the Midwestern and Eastern sections of the United States. 
These areas are also respectively referred to as “1” and “2”. 
We consider the Midwest region to be delimited by the states 
between North Dakota, Wisconsin, Mississippi and Texas. 
 
 
Fig. 3. Proposed example layout 
 
The Midwestern area is assumed to produce two types of 
commodities, coal and corn, which need to be transported to 
meet the East Coast demand. To simplify the model, it is 
assumed that coal is produced in the Illinois Basin with 
enough capacity to meet the thermal generation demand in 
the East Coast and the Midwest. To transport these 
commodities, two different infrastructures, railway and 
highway, can be utilized. Only one type of fleet is accounted 
for in each infrastructure, train and truck, respectively. 
Two different energy networks are considered. The diesel 
network is fed by the production in the Midwest and its 
mission is to fulfill the need for fuel from trains and trucks. 
Electricity supply constitutes the second energy network. 
Both areas can produce electricity from thermal plants, which 
drive the demand for coal on the transportation side, and are 
connected by high-voltage power lines to allow energy 
trading. The Midwestern area has potential to use wind as a 
source for electricity, although there is no capacity installed 
at the beginning of the planning period, which lasts 40 years. 
In order to capture all the components of the formulation, 
the previous set of physical nodes and arcs can be expanded 
as shown in Fig. 4. Note that columns represent the four 




Fig. 4. Example node and arc expansion 
 
In the transportation networks, fictitious nodes have been 
added in between the physical regions to represent the 
different alternatives of conducting the flow between the 
Midwest and the East Coast. The transmission line in the 
electric network is replaced by two opposite directional arcs 
to ensure the non-negativity of the flows [3]. The dashed 
lines represent the increase in demand on a node due to 
activity on other network, i.e. thermal units increase the 
demand for coal and the use of train and truck for 
transportation drive the demand for diesel. 
To simplify the analysis we assume that there will only be 
capacity limits and investment in the following parts of the 
system: train and truck transportation, thermal plants, wind 
generation and electricity transmission. No investment on 
infrastructure in considered. Also, there is no retirement of 
facilities or infrastructure so the initial capacity is assumed to 
be available throughout the simulation. 
B. Parameters 
The simulation is performed for 40 years with a time step 
of a year. A more refined model would use shorter monthly 
time steps, as suggested in section II, in order to obtain more 
accurate results. Operational and investment parameters for 
energy networks are summarized in Table 1, while Table 2 
contains the appropriate parameters of capacity, frequency of 
travel, costs and emissions for the available fleet. Data for 
this model has been collected from [11], [12], [13], [14], [15] 
and [16]. 
 
Table 1. Electricity network parameters 






CO2 emission rate 


















Table 2. Transportation parameters 












CO2 emission rate 
0.05 $/ton mile 
341 Btu/ton mile 
0.2 lb/ton-mile 
0.16 $/ton mile 









The electric demand is set to 141 GW for the Midwest 
region and 118 GW for the East Coast, with a growth of 1.5% 
every year. The amount of corn shipped from the Midwest to 
the East Coast equal 300 million tons, with a 0.5% yearly 
growth. The average distance between the two regions is set 
to 750 miles. Coal is produced in the Illinois Basin with a 
content of energy equal to 11,800 Btu/short ton and a cost of 
$85 per short ton. 
All costs are subject to a constant inflation of 2%, and a 
constant discount rate of 7% is used in the economic analysis.  
Salvage values are assigned for the investments close to the 
end of the simulation period. All investments are set to 
devaluate linearly for a period of 15 years. 
C. Results 
The formulation is implemented using Matlab and solved 
using version 10 of CPLEX. It consists of 914 variables and 
1074 constraints. Solution time is under a second, running on 
a 3.6 GHz Pentium 4 processor with 2 GB of RAM. Table 3 
contains a summary of the optimum investment portfolio 
obtained. 
 
Table 3. Cost and investment results 
 Cost Investment 
TOTAL 2.19 trillion $  
Operational 2.06 trillion $  
Investment 125.83 billion $  
   - Coal Midwest 11.40 billion $ 68.17 GW 
   - Transmission 4.87 billion $ 38.95 GW 
   - Wind 90.70 billion $ 136.50 GW 
   - Train 18.87 billion $ 1244 trains 
 
Investments take place progressively at different moments 
in time for different arcs. Transmission capacity is added 
mainly in the first seven years, while new coal generation 
capacity in the Midwest is constructed between years eight 
and forty. Investment on new wind capacity is constant and 
equal to the maximum over the whole simulation period. 
Finally, investment on trains happens during the last 25 year 
period. During the 40 years of the study, CO2 emissions are 
estimated to be 33.7 billion tons. Fig. 5 represents the 
generation mix forecasted for the simulation period. 
 
 
Fig. 5. Electricity generation 
 
The model is also capable of forecasting electricity prices 
(Fig. 6). Energy in the Midwest is always cheaper than in the 
East Coast since it does not require the use of transmission or 
transportation. The price difference is relatively small 
between years 26 and 33 because the electric transmission 
line is not congested in that period of time. The separation is 
more noticeable in years 1, 2 and 26 to 40 due to congestion 
in the transportation side. Coal and corn utilize all train 
capacity, and part of the corn has to be delivered by truck, 
rising transportation costs. 
 
 
Fig. 6. Evolution of electricity prices 
 
Now let us assume that, in order to improve the system 
stability, investments on wind are required to be associated 
with some sort of electricity storage, doubling the cost of 
wind investment. In this case, wind energy is not economical 
anymore and any solution that seeks a reduction on CO2 
emissions by switching coal to wind will incur a higher cost. 
In this case, cost and emissions are two competing objective 
functions. By forcing different levels of investment on wind, 
we can find the trade off between the two objectives (Fig. 7). 
 
 
Fig. 7. Emissions vs. cost 
 
A very simple metric to evaluate the reliability of the 
electric system is the reserve margin, the relative difference 
between installed thermal generation capacity and demand. 
The smaller the margin, the more probable that demand 
cannot be met due to unforeseen loss of generation. Adding 
the corresponding constraints to the formulation, a minimum 
reserve margin for all time steps can be imposed. Ensuring a 
higher level of reliability results in an increase in cost, as one 
would expect, creating a conflict between these two objective 
functions. Fig. 8 captures the corresponding Pareto front for 
the base case with different reserve margins. 
 
 
Fig. 8. Reserve margin vs. cost 
 
Increasing reserve margin causes increasing price stability 
for energy. Fig. 9 shows the evolution in time of electricity 
prices for three different levels of reserve margin (0, 25% and 
50%) for both the Midwest and the East Coast. 
 
 
Fig. 9. Price stability and reserve margin 
 
In previous steps, operational and investment cost was 
studied with respect to emissions and reserve margin. Both 
methodologies can be combined to obtain a multiobjective 
approach to the problem with three objective functions: cost, 
emissions and reliability. Evaluating a number of 
combinations of minimum investment on wind generation 
and minimum reserve margin, we obtain the Pareto surface 




Fig. 10. Pareto surface 
IV. DISCUSSION 
A new approach to assess investment on national energy 
and transportation infrastructures has been presented in this 
paper. It features a multiobjective approach, enabling the 
optimization on cost, sustainability and resiliency. A 
formulation has been developed, which allows the 
implementation of such a model for minimization of cost and 
emissions. 
The formulation has been applied to a simple example 
representing the Midwestern and Eastern sections of the 
United States. Even though it has been represented at a very 
high level, the order of magnitude of the results in terms of 
costs, emissions and energy prices agrees with those in the 
real operation of the energy and transportation systems [1] 
[17]. The model forecasts an average operation expenditure 
of $58 billion per year with an average emission of 893 
million tons of CO2/year, which is consistent with DOE 
estimates. Electricity prices are also reasonable within 
markets today. 
The model allows the study of some of the 
interdependencies presented in the paper. The most 
interesting one relates the cost of electricity with the 
operation in the transportation system. If transportation of 
coal and corn creates a congested rail connection, electricity 
prices increase as more corn must be shipped by the higher-
price truck in order to allow more coal to be shipped by rail. 
We could think of this situation as an extension of the idea of 
locational marginal price, the price is set by the cost of 
supplying the next unit of energy. To produce one more 
MWh of electricity, more coal is needed to be transported but 
the rail is congested. The solution is to transfer part of the 
corn by truck to enable the shipment of the extra coal. 
Therefore, the price of energy suffers a significant increase. 
An initial attempt for multiobjective calculations has been 
introduced in the example, both in terms on emissions and 
reliability. Pareto fronts of solutions have been calculated and 
plotted, which enable the study of trade-off between different 
solutions. New metrics to compute sustainability and 
resiliency need to be develop to further in this type of 
calculations. 
The example presented here is meaningful, but has been 
severely restricted in dimensionality in order to illustrate the 
approach. This methodology can be expanded by introducing 
new geographical regions interconnected with more arcs, and 
new energy and transportation networks with a wider range 
of technologies, transportation infrastructures and fleets, 
either readily available or coming in the future. 
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